Abstract-The paper reports experimental results for the performance of a free space optical (FSO) communication link employing different modulation schemes under the influence of the atmospheric scintillation. A dedicated experimental atmospheric simulation chamber has been developed where weak and medium turbulence can be generated and its effect on the FSO link is investigated. The experimental data obtained is compared to the theoretical prediction. The paper also depicts the effect on the data transmission performance depending on the position of the turbulence source within the chamber.
Apart from attenuation, the atmospheric scintillation also impairs the FSO link performance. Scintillation is caused by the atmospheric temperature in-homogeneity. In clear weather conditions, theoretical and experimental studies have shown that scintillation could severely degrade the reliability and connectivity of FSO links [6, 7] . As the random changes in the temperature and pressure of the atmosphere create the random variation of the refractive index along the beam transmission path, directions of optical beam could be altered, thus resulting in fluctuation of the received optical signal intensity. Theoretical modeling and study of the scintillation effect, one of the most important adverse channel effects, as well as the possible solutions have been addressed by a number of researchers over the last few years.
In practice, however, it is very challenging to measure the effect of the atmospheric turbulence under diverse conditions. This is mainly due to the long waiting time to observe and experience reoccurrence of different atmospheric events. Because of this reason for the first time we have developed a dedicated laboratory atmospheric chamber where it is possible to create fog, smoke, turbulence, wind etc. to observe and investigate their effects on the transmitted optical beam under a controlled environment.
In this paper we report the experimental study of the temperature induced turbulence effect on the FSO link performance for the on-off keying (OOK), a widely used data format in commercial FSO links. The paper also shows the dependence of the data transmission performance against the turbulence source position along the link. The paper is organized as follows: theoretical model of turbulence is outlined in Section 2. In Section 3 the laboratory atmospheric chamber as well as the experimental setup to investigate the turbulence impact on the optical beam are introduced and explained. Experiment results and analysis are discussed in Section 4. The conclusions and future works are presented in the final Section.
II. TURBULENCE MODEL
Atmospheric turbulence results from thermal gradients within the optical path caused by the variation in air temperature and density. Refractive index is highly dependent on the small scale temperature fluctuations in air defined by n(R,t) = n o + n 1 (R,t), where n o is the mean index of refraction (n o = 1) and n 1 (R,t) is the random deviation of index from its mean value. R is the vector position in three dimension and t is the time. The most commonly reported model for describing the atmospheric turbulence is the log-normal model [8, 9] . This is a well-known modeling approach and has been adopted in many calculations for the turbulence channel. As the light propagates through a large number of elements within the atmosphere, each element induces independently random scattering and phase delay to the optical beam. The distribution of log-amplitude fluctuation is Gaussian. Thus the power density function (pdf) of the received irradiance I due to the turbulence is derived by [9, 10] :
where I 0 is the irradiance when there is no turbulence in the channel, and ߪ ூ ଶ is the log irradiance variance considered as the Rytov parameter. Figure 1 shows the log-normal pdf plotted for a range of irradiance variance values. As ߪ ூ ଶ increases, the distribution spreads its long tail toward the infinity, whereas the received optical signal intensity concentrates below the normalized I 0 due to fading of the received signal. For a low value of ߪ ூ ଶ the distribution is close to the Gaussian. The log-normal model is commonly adopted for the weak atmospheric turbulence [2, 11] . For strong turbulence an improved model should be used instead of log-normal model [12] . Table I relates the turbulence strength with the Rytov parameter. Here we have carried out experimental measurement for the weak and medium turbulence conditions. 
III. EXPERIMENT SETUP FOR TURBULENCE CHANNEL
The experimental line-of-sight FSO link for data transmission through the turbulence channel is shown in Figure 2 A narrow divergence beam laser is used as the FSO transmitter. The emitted optical beam intensity is modulated by a data source which can generate different modulation data formats. To ensure the linearity of the system, the laser is properly biased and modulated.
The laboratory atmospherics channel is a closed glass chamber with a dimension of 550×30×30 cm 3 as depicted in Figure 2 (b) and (c). The chamber has multiple compartments (seven in total for this experiment), each having a vent to allow air to circulate into and out of the channel. The temperature and wind velocity conditions in the chamber are controlled as necessary to mimic the atmospheric condition as far as possible. In this chamber, there are two approaches that could be used to create the turbulence effect. a) Heater and fans are used to blow hot and cold air in the direction perpendicular to optical beam propagating through the chamber to create the variation in temperature and wind speed (see Figure 2(b) ). The cold air is at a room temperature (20 -25°C) and the hot air temperature is in a range of 20 to 80°C. Using a series of air vents, additional temperature control is achieved, thus ensuring a constant temperature gradient between the source and the detector within the chamber. b) Each compartment contains an internal powerful heating source positioned at the floor of the chamber, and a fan to generate a strong turbulence effect. In this paper we have adopted the design (a) to experimentally investigate the weak and medium turbulence as the theoretical model given in (1) is not valid for the strong turbulence.
As the optical beam propagates through the chamber, it experiences different atmospheric turbulence before being collected at the receiver. The receiver front-end consists of an optical concentration lens and a PIN photodetector. The equivalent photocurrent at the output of the photodetector is amplified using a trans-impedance amplifier and the recovered data is used to measure the bit error rate (BER) performance. The parameters for the proposed atmospheric chamber is given in Table II   TABLE II  MAIN PARAMETERS OF TURBULENCE The strength of turbulence is controlled by placing the same heating source near and far away from the FSO transmitter. Ray tracing diagram in Figure 3 illustrates this concept. The optical beams shown in Figure 3 could experience approximately the same degree of bending since the same level of controlled turbulence generated within the chamber. However due to the chamber's geometry configuration less power will be collected at the receiver as shown in Figure 3 (a) than in Figure 3 
IV. RESULTS AND DISCUSSIONS
The purpose of this work is to investigate the BER performance of the FSO link under the influence of atmospheric turbulence. For valid comparisons, the measurements carried out in the laboratory environment are taken in similar environmental conditions as much as possible. A pseudorandom binary sequence (PRBS) of 2 13 -1 bit length directly modulates the laser source whose emitted beam propagates through the chamber. Data packets with a length of 600 -1200 bytes (which is typical in the Gigabit Ethernet (GbE) data networks) are used. Further details of the setups and parameters used for the demonstration are shown in Table  III . Turbulence is generated inside the chamber by pumping hot air through either one of vents near the transmitter or in the middle of chamber or near to the receiver. Table IV shows the measured values of ߪ ூ ଶ at these positions. The shot noise variance has already been excluded from these reported ߪ ூ ଶ shown in the Table. Note that by using the same turbulence source and varying its position along the link, we could generate different levels of turbulence (i.e. ߪ ூ ଶ ) according to the concept illustrated in Figure 3 . The concept is also valid for the actual outdoor FSO systems.
For the measured Rytov parameter values ߪ ூ ଶ of 0.8 and 0.6, turbulence generated in the chamber could be equivalently considered as medium for the outdoor environment. The histogram of received bit '1' sequence with and without turbulence is plotted in Figure 4 . With no turbulence the distribution of received signal is Gaussian, see Figure 4 (a), as the Gaussian-distributed shot noise (due to the ambient noise) is dominant. However with turbulence distribution of the received signal is log-normal, see Figure 4 The measured eye diagrams for the non-return to zero (NRZ) data format for a range of data rates (20 and 155 Mbit/s) are depicted in Figure 5 . Notice the eye closure in the presence of turbulence, which results in considerable level of signal intensity fluctuation. The modulation input voltage is LVDS (400 mV pp ). With turbulence the top (bit '1') and base (bit '0') levels of received signals are varied with a much wider margin compared with no turbulence. This will result in the reduction of the measured Q factor and hence the BER performance. Figure 6 (c) the NRZ voltage level is 200 mV, which is selected to ensure the same average transmit energy for both NRZ and RZ data formats. From the eye diagrams the measured Q factor for the RZ signaling format is higher than the NRZ signaling format; therefore the RZ data format would be less susceptible to the turbulence than the NRZ. In this demonstration the emphasis is on the turbulence effect on optical signal, therefore we have selected two data rates of 20 and 150 Mb/s. A lower data rate of 20 Mb/s is well within the system bandwidth of proposed FSO link (see a clear eye diagram in Figure 5(a) ), thus the ability to clearly observe the penalty induced by turbulence. With no turbulence within the channel, ߪ ூ ଶ = 0, Q is up to 15, see Figure 7 (a). However the Q value is dropped considerably to~5 when weak-medium turbulence (ߪ ூ ଶ = 0.8) is introduced. On the other hand transmission at a much higher rate of 155 Mb/s (about the maximum rate of the FSO system) suffers lower Q penalty. This is due to the turbulence-free received signal being already distorted by the limited system bandwidth (mainly optoelectronics). Figure 8 illustrates the Q and BER performance of 20 and 150 Mb/s RZ and NRZ data formats in the present of turbulence. RZ outperforms NRZ in the weak turbulence scenario, however the performance of both data formats are almost the same in the medium turbulence region. This could be explained by the fact that turbulence not only induces amplitude fluctuation but it could cause timing jitter. Therefore RZ signaling is more susceptible to the jitter in the case of medium and strong turbulence conditions, whereas NRZ, with a wider bit duration, experiences lesser timing jitter effect (see Figure 6 ). 
V. CONCLUSIONS
The paper has presented a dedicated laboratory atmospheric chamber where the effect of the temperature induced turbulence on the FSO link performance was investigated. Methods to generate and control turbulence were discussed and practically demonstrated. The obtained results showed that the medium turbulence can severely affect the FSO link performance. The turbulence effect is also dependent on the data format being adopted to directly modulate the laser source. The RZ signaling format offers improved resistance to the turbulence than the NRZ due to its higher peak voltage albeit the need for a higher bandwidth requirement and more susceptibility to the jitter noise.
Work to investigate strong turbulence scenario is going on and would be published in due course. 
